ABSTRACT TASK3 (TWIK-related acid-sensitive K 1 channel 3) potassium channels are members of the two-pore-domain potassium channel family. They are responsible for background leak potassium currents found in many cell types. TASK3 channels are genetically imprinted, and a mutation in TASK3 (G236R) is responsible for Birk Barel mental retardation dysmorphism syndrome, a maternally transmitted developmental disorder. This syndrome may arise from a neuronal migration defect during development caused by dysfunctional TASK3 channels. Through the use of whole-cell electrophysiologic recordings, we have found that, although G236R mutated TASK3 channels give rise to a functional current, this current is significantly smaller in an outward direction when compared with wild-type (WT) TASK3 channels. In contrast to WT TASK3 channels, the current is inwardly rectifying. Furthermore, the current through mutated channels is differentially sensitive to a number of regulators, such as extracellular acidification, extracellular zinc, and activation of Gaq-coupled muscarinic (M3) receptors, compared with WT TASK3 channels. The reduced outward current through mutated TASK3_G236R channels can be overcome, at least in part, by both a gain-of-function additional mutation of TASK3 channels (A237T) or by application of the nonsteroidal anti-inflammatory drug flufenamic acid (FFA; 2-{[3-(trifluoromethyl)phenyl]amino}benzoic acid). FFA produces a significantly greater enhancement of current through mutated channels than through WT TASK3 channels. We propose that pharmacologic enhancement of mutated TASK3 channel current during development may, therefore, provide a potentially useful therapeutic strategy in the treatment of Birk Barel syndrome.
Introduction
TASK3 (TWIK-related acid-sensitive K 1 channel 3, KCNK9, K2P9.1) channels are members of the two-pore-domain potassium (K2P) channel family (Goldstein et al., 2005; Enyedi and Czirjak, 2010) . The TASK channels TASK1 and TASK3, as their name suggests, are highly sensitive to changes in extracellular pH (Duprat et al., 1997; Kim et al., 2000; Rajan et al., 2000; González et al., 2013) . Extracellular acidification reduces TASK3 channel current. Other agents, such as extracellular application of zinc and ruthenium red, the synthetic cannabinoid methanandamide, and activation of Gaq-coupled receptors, including M3 muscarinic acetylcholine receptors, inhibit TASK3 channels (Czirjak and Enyedi, 2003; Clarke et al., 2004 Clarke et al., , 2008 Veale et al., 2007a,b) , and, consequently, the native currents that they encode (e.g., Aller et al., 2005) . In most cases, these agents work by altering channel gating.
TASK3 channels are widely distributed throughout the body, with notable expression in the central nervous system (Talley et al., 2001) . They are responsible for native leak K currents found in many cell types, including neurons such as cerebellar granule neurons, where they are a major component of the background leak K current IKSO (Watkins and Mathie, 1996; Millar et al., 2000; Aller et al., 2005) . TASK3 channels also play an important role in the migration of cortical pyramidal neurons during development (Bando et al., 2012) , and TASK3 knockout mice show abnormalities in certain cognitive functions (Linden et al., 2007) . TASK3 channels are proposed to play a role in various pathologic conditions such as epilepsy (Kananura et al., 2002) , cancer Pei et al., 2003) , ischemia (Ehling et al., 2010) , idiopathic hyperaldosteronism, particularly in neonates (Davies et al., 2008; Bandulik et al., 2013) , and low renin essential hypertension (Guagliardo et al., 2012; Penton et al., 2012) .
TASK3 channels are the only K2P channels known to be genetically imprinted, in that they are expressed only from the maternal allele (Luedi et al., 2007) . Indeed, a mutation in TASK3 (G236R) is responsible for Birk Barel mental retardation dysmorphism syndrome, a maternally transmitted developmental disorder (Barel et al., 2008) . It has been proposed that the migration defect caused by dysfunctional TASK3 channels in cortical pyramidal neurons may contribute to the resulting developmental disorders (Bando et al., 2012) . In this study, we consider the functional properties of G236R mutated TASK3 channels in more detail. We show that expression of TASK3_G236R channels does, in fact, give rise to a functional current, albeit a much smaller current in an outward direction compared with wild-type (WT) TASK3. In contrast to WT TASK3 channels, the current is inwardly rectifying, and this current is differentially sensitive to a number of regulators, such as extracellular acidification and activation of G protein-coupled receptors. Importantly, the reduced current through mutated TASK3_G236R channels can be overcome, at least in part, by both a gain-of-function additional mutation of TASK3 channels (A237T; Ashmole et al., 2009) or by application of the nonsteroidal anti-inflammatory drug flufenamic acid (FFA; 2-{[3-(trifluoromethyl)phenyl]amino} benzoic acid).
Materials and Methods
Cell Culture. We grew tsA201 cells (ECACC; Sigma-Aldrich, Gillingham, Dorset, UK), modified human embryonic kidney 293 cells, in a monolayer tissue culture flask maintained in a growth medium that was composed of 88% minimum essential media with Earle's salts and 2 mM L-glutamine, 10% heat-inactivated fetal bovine serum, 1% penicillin (10,000 units ml
21
) and streptomycin (10 mg ml 21 ), and 1% nonessential amino acids. The cells were placed in an incubator at 37°C with a humidified atmosphere of 95% oxygen and 5% carbon dioxide. After 2 or 3 days, when the cells were 70 to 90% confluent, they were split and resuspended in a 4-well plate containing 13-mm diameter coverslips (poly-D-lysine-coated) in 0.5 ml of media, ready to be transfected the next day.
Transfection. For the electrophysiologic experiments, the pcDNA3.1 vector was cloned with the gene of interest (hTASK3 or mTASK3 wild-type and mutated and hM3 muscarinic receptors). This and a similar vector containing green fluorescent protein were incorporated into the tsA201 cells (0.5 mg per well for hTASK3, hM3 muscarinic receptors, and green fluorescent protein plasmids, and 0.125 mg per well for mTASK3 plasmids) using the calcium phosphate method. The cells were incubated for 6 to 12 hours at 37°C in 95% oxygen and 5% carbon dioxide. The cells were then washed using a phosphate-buffered saline solution, and new media was added to each well. The cells were used for experiments after 24 hours.
Mutations. Point mutations were introduced by site-directed mutagenesis into the TASK3 channel clones using the QuikChange kit (Stratagene, Amsterdam, The Netherlands). A pair of short (25-35 bases) complementary oligonucleotide primers, incorporating the intended mutation, were synthesized (Eurofins MWG Operon, Ebersberg, Germany). Mutant DNA constructs were sequenced (Eurofins MWG Operon) to confirm the introduction of the correct mutated bases.
Whole-Cell Patch-Clamp Electrophysiology. Currents were recorded using the whole-cell patch clamp in a voltage clamp configuration in tsA201 cells transiently transfected with the channel of interest. The coverslip with the cells was placed in a recording chamber filled with an external medium composed of 145 mM NaCl, 2.5 mM KCl, 3 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM HEPES (pH to 7.4, using NaOH). The internal medium used in the glass pipette comprised 150 mM KCl, 3 mM MgCl 2 , 5 mM EGTA, and 10 mM HEPES (pH to 7.4, using KOH). Modulatory compounds were applied by bath perfusion at a rate of 4-5 ml min
. Complete exchange of the bath solution occurred within 100-120 seconds.
All data presented were collected at room temperature (19-22°C). The transfected cells were detected using a fluorescent microscope with UV light. Cells were voltage-clamped using an Axopatch 1D or Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) and low-pass filtered at 5 kHz before sampling (2-10 kHz) and online capture.
To study the potassium leak current, a step-ramp voltage protocol was used. For the step component of the protocol, the cells were hyperpolarized from a holding voltage of 260 to 280 mV for 100 milliseconds then stepped to 240 mV for 500 milliseconds. For the ramp, cells were then stepped to 2120 mV for 100 milliseconds, followed by a 500-millisecond voltage ramp to 120 mV and a step back to 280 mV for another 100 milliseconds, before being returned to the holding voltage of 260 mV. This protocol was composed of sweeps lasting 1.5 seconds (including sampling at the holding voltage) and was repeated once every 5 seconds. An example of the typical current response seen for WT TASK3 channels to this protocol is illustrated in Fig. 1D .
For analysis of outward current, we measured the current difference between the 280 and 240 mV steps. The current-voltage graphs were obtained from the ramp change in voltage between 2120 and 120 mV. The currents obtained with the imposed voltage protocol were recorded and analyzed using pCLAMP 10.2 software (Molecular Devices) and Microsoft Excel (Microsoft, Redmond, WA). For each cell, the current amplitude (pA) was normalized to the cell capacitance (pF).
Data Analysis. Data were expressed as mean 6 S.E.M., and n represents the number of cells used for the experiment. The statistical analyses used either Student's t test or a one-way analysis of variance with post hoc Dunnett's or Tukey multiple comparisons tests, using GraphPad Prism 6.02 (GraphPad Software, Inc., San Diego, CA). For the t test, P , 0.05 (*), P , 0.01 (**), and P , 0.001 (***) were considered statistically significant for differences between the mean. For Dunnett's and Tukey's tests, P , 0.05 (*) was considered statistically significant, with a confidence interval .95% for the difference between the two compared means.
Chemicals. All fine chemicals were purchased from Sigma-Aldrich. FFA stock (10 mM) was made up in ethanol and diluted fresh in external solution before use (pH adjusted to 7.4).
Homology Modeling. The homology models of hTASK3 (UniProtKB/ Swiss-Prot ID Q9NPC2) and mTASK3 (UniProtKB/Swiss-Prot ID Q3LS21) were created using Modeler 9v8 (Sali and Blundell, 1993) . The human TWIK-related arachidonic acid activated K (TRAAK) structure (PDB ID 3UM7) was used as a template for TASK3 modeling. ClustalW (Higgins et al., 1996) was used to align the TRAAK and TASK3 sequences.
Results
Characterization of Current through G236R Mutated TASK3 Channels. After conversion of the glycine (G) residue at position 236 of the human (h) TASK3 channel into an arginine (R) residue, currents through WT and mutated channels were recorded in transiently transfected tsA201 cells using whole-cell patch-clamp recordings. Outward current density was statistically significantly reduced by 85% from 66 6 3 pA/pF (n 5 56) for WT TASK3 to 10 6 1 pA/pF (n 5 17) for TASK3_G236R mutated channels (P , 0.001) when assessed as the difference current between that measured at 240 mV and that at 280 mV (see Materials and Methods; Fig. 1A ). Nevertheless, in these experiments, there was still measurable current seen for this G236R mutation, in contrast with the lack of current in untransfected cells (Supplemental Fig. 1 ). This is also in contrast with results obtained for the same mutation expressed in oocytes by Barel et al. (2008) , who described the TASK3_G236R mutant as nonfunctional. Unlike WT TASK3 channel current, which is outwardly rectifying (Fig. 1D) , there was substantial inward rectification of current through the TASK3_G236R channel (Fig. 1G) . Indeed, when inward current density was measured at 2120 mV, there was no statistically significant difference (P . 0.05) between WT TASK3 and TASK3_G236R (28 6 3 pA/pF, n 5 46, and 20 6 2 pA/pF, n 5 17, respectively, Fig. 1B ). An identical effect was seen for mouse (m) TASK3 channels. Outward current (difference current between 240 and 280 mV) through mutated mTASK3_G236R channels was reduced by 83% compared with WT mTASK3 channels and the current through the mutated channels was also inwardly-rectifying (Supplemental Fig. 2 ).
With a physiologic extracellular solution containing 2.5 mM [K 1 ] o , the hTASK3_G236R channel had an average reversal potential of 272 6 1 mV (n 5 17). This suggests a slight reduction in K selectivity, with a Na permeability (relative to K) calculated from the Goldman-Hodgkin-Katz equation of 0.04 compared with ,0.02 for WT TASK3 (see also So, like WT TASK3 channels, TASK3_G236R channels are highly permeable to Rb, with a permeability relative to K of 1.00 when compared at 147.5 mM of each ion, externally. Currents evoked by the step-ramp voltage protocol recorded through TASK3_G236R channels in 2.5 and 147.5 mM external K (blue) and 147.5 mM external Rb (orange). Insets show current-voltage relationships. Note the clear inward rectification seen for TASK3_G236R mutated channels in all three external solutions.
Recovery of Current in Mutated TASK3 Channels
Again, the slope of the current in high [Rb 1 ] o showed inward rectification (Fig. 1I) . Reduction of internal magnesium from 3 mM to 1 mM did not alter the degree of inward rectification of the current.
TASK3 Channel Structure. We have created an updated model of hTASK3 and mTASK3 channels based on the recent crystal structure of the related K2P channel TRAAK (Brohawn et al., 2012) (Fig. 2; Supplemental Fig. 3 ). There are substantial differences in the amino acid sequences of hTASK3 and mTASK3 channels; while they share only 44% sequence similarity in the C terminus region, for which the structure is unknown, they have 98% similarity in the remainder of the channel (Veale et al., 2007b) . Therefore, the structures of hTASK3 and mTASK3 in the transmembrane regions and pore domains, based on the solved structure for TRAAK, are very similar to each other. We have altered the structures to indicate the position of G236 (mutated to R) in the fourth transmembrane domain (TM4) of the channel and also the adjacent amino acid A237 (mutated to T, see below) (Fig. 2) . Charged amino acids are highlighted in the structures (blue for positively charged amino acids and red for negatively charged amino acids). It can be seen that both hTASK3 and mTASK3 models show that introduction of an R at position 236, in addition to influencing the structure and mobility of TM4, will introduce a positively charged amino acid into the pore cavity of the channel, a region lacking endogenously charged amino acids.
The Gain-of-Function Mutation A237T of TASK3 Channels. It is known from previous work (De la Cruz et al., 2003; Ashmole et al., 2009 ) that mutation of the alanine immediately adjacent to G236 to a threonine residue (A237T) results in a gain-of-function mutation with much larger (.10-fold) whole-cell current compared with WT TASK3 channels.
It has been suggested that this mutation alters the gating of the TASK3 channel so that the channel spends more time in its open conformation (Ashmole et al., 2009) .
It was of interest to determine whether the substantial reduction in channel current, or the inward rectification seen for the G236R mutated channels, or both could be reversed by this gain-of-function mutation or whether the effects of the G236R mutation were insurmountable. Furthermore, the TM4 region of K2P channels has been suggested to be crucial in transducing gating signals from the cytoplasmic side of the channel to the selectivity filter gate (Bagriantsev et al., 2011 (Bagriantsev et al., , 2012 Piechotta et al., 2011) , so we determined whether mutations of amino acids in this region interfered with gating and regulation of TASK3 channels.
Combining the G236R mutation with A237T rescued current through this double mutated channel compared with G236R alone (Fig. 3A) . The double mutation statistically significantly (P , 0.05, analysis of variance with Tukey test; Fig. 3A ) increased the outward current density measured as the difference current between that at 240 mV and that at 280 mV from 10 6 1 pA/pF (n 5 17) to 20 6 3 pA/pF (n 5 12) at 2.5 mM [K 1 ] o , with a reversal potential for currents through the double mutant channel of 280 6 2 mV (n 5 12). However, despite an increase in current, the addition of A237T did not rescue outward current to normal WT levels at these voltages (Fig. 3A) . Furthermore, addition of the A237T mutation was not able to overcome the inward rectification seen with the G236R mutation (Fig. 3B) . However, inward current density measured at 2120 mV was 31 6 5 pA/pF (n 5 12), which was not significantly different from WT TASK3 current density at this holding potential (see above).
In 25 mM [K 1 ] o , inward current density at 280 mV was 36 6 5 pA/pF (n 5 5) for TASK3_G236R alone, but this increased to 76 6 7 pA/pF (n 5 4) for the TASK3_G236R_A237T channels, the latter not significantly different from that seen for WT TASK3 (85 6 7 pA/pF, n 5 19) (Fig. 3C) ] o was 11 6 1 pA/pF (n 5 3) for TASK3_G236R alone, but this increased to 19 6 4 pA/pF (n 5 6) for the TASK3_G236R_A237T channels, the latter again not significantly different from that seen for WT TASK3 (17 6 4 pA/pF, n 5 12) (Fig. 3E) ] o , the currents through the TASK3_G236R_A237T channels continued to display strong inward rectification in contrast to WT TASK3 currents (Fig. 3,  D and F) . Mutated TASK3_A237T channels were outwardly rectifying like the WT TASK3 channels.
Sensitivity of G236R Mutated TASK3 Channels to Extracellular Acidification and Zinc. Two characteristic inhibitors of TASK3 channels are extracellular acidification (Aller et al., 2005) and extracellular application of zinc (Clarke et al., 2004 (Clarke et al., , 2008 . Both of these regulators were still effective inhibitors of TASK3_G236R, although in both cases there was a small but significant reduction in their effectiveness. A change in pH Ο from 7.4 to 6.4 decreased TASK3_G236R current by 30% 6 7% (n 5 3). This was significantly different from that seen with WT TASK3 (61% 6 2%, n 5 21, P , 0.001) (Fig. 4, A and B) . Increasing external pH from 7.4 to 8.4 did not enhance current through either WT or mutated TASK3 channels. Zinc at 100 mM is a very potent blocker of WT TASK3 current (87% 6 1%, n 5 23). It was also a potent blocker of the TASK3_G236R channels (74% 6 1%, n 5 3). However, this was significantly smaller than inhibition seen for WT TASK3 (P , 0.003) (Fig. 4, C and D) .
TASK3_A237T and TASK3_G236R_A237T mutated channels were still inhibited by zinc and external acidification; however, for TASK3_G236R channels, the effect of external acidification was less than that seen for WT channels. The TASK3_A237T mutant alone saw a reduced effect of pH 6.4 Recovery of Current in Mutated TASK3 Channels with a current inhibition of 41% 6 2% (n 5 9), which was significantly less than that seen for WT TASK3 (61% 6 2%, n 5 21, P , 0.001). Similarly, a change in pH Ο from 7.4 to 6.4 inhibited TASK3_G236R_A237T current by just 31% 6 3% (n 5 6). Zinc (100 mM) inhibited the TASK3_A237T mutation alone by 87% 6 5% (n 5 3), not significantly different from that seen for WT TASK3 current and the TASK3_G236R_A237T channels by 78% 6 2% (n 5 4).
Regulation of TASK3 Channels by M3 Muscarinic Receptor Activation. TASK3 channels are regulated by activation of Gaq-coupled receptors such as M3 muscarinic receptors (Veale et al., 2007b) . When TASK3 channels were coexpressed with muscarinic M3 receptors, application of the muscarinic agonist muscarine (0.1 mM) resulted in an inhibition of the TASK3 current of 75% 6 2% (n 5 34), which was reversed by wash (Fig. 5A) . However, unlike WT TASK3, no inhibition of the current through TASK3_G236R channels was observed at 0.1 mM muscarine (5% 6 7% enhancement, n 5 3, P , 0.001) (Fig. 5C ). Higher concentrations of muscarine were applied to determine whether the concentration response curve for muscarine had shifted for the G236R mutant. However neither 1 mM nor 10 mM muscarine had any inhibitory effect on TASK3_G236R (1% 6 2%, enhancement, n 5 3; 8% 6 5%, n 5 4, enhancement, for 1 and 10 mM, respectively) (Fig. 5, A-D) .
It is of interest that the effect of muscarine was also reduced in the gain-of-function TASK3_A237T mutant channel, although not to the same degree. The TASK3_A237T channel was inhibited by just 13% 6 3% (n 5 6) by 0.1 mM muscarine. Larger inhibitory effects could be seen at higher concentrations of muscarine (31% 6 4%, n 5 5, for 1 mM; and 35% 6 7%, n 5 4, for 10 mM), although these were still significantly smaller than that seen for WT TASK3 (86% 6 4%, n 5 6, and 91% 6 1%, n 5 3, for 1 and 10 mM, respectively) (Fig. 5, E and F) .
FFA-Induced Enhancement of TASK3 Current. Other than certain inhalational general anesthetic agents, there are relatively few compounds available that enhance TASK3 currents. One is the fenamate FFA, which has been shown previously to enhance current through other K2P channels (Takahira et al., 2005) and which produces a small but significant enhancement of current by 24% 6 6% (n 5 8) at a concentration of 100 mM (Fig. 6, A-D) . Surprisingly, application of 100 mM FFA produced a robust and significant enhancement of 154% 6 11% (n 5 7) of TASK3_G236R channels, significantly greater that that seen for WT TASK3 channels (P , 0.001). This resulted in an increase in outward current density from 10 6 1 pA/pF (n 5 17) to 32 6 6 pA/pF (n 5 7) and a shift in the reversal potential from 272 6 1 mV (n 5 17) to 287 6 2 mV (n 5 7) in the presence of FFA (Fig. 6 , E-G). Nevertheless, even this FFA-enhanced current through TASK3_G236R channels showed inward rectification. The effect of FFA on the double mutant (TASK3_G236R_A237T channels) was much reduced compared with the TASK3_G236R mutant, but was similar to that seen for WT TASK3 with an enhancement of 36% 6 3% (n 5 4) (Fig. 6, H-J) . FFA had no effect on the TASK3_A237T mutant channel, with 2% 6 1% (n 5 3) enhancement seen. Characterization of Current through G236F Mutated TASK3 Channels. The G236 amino acid was altered to the bulky but uncharged amino acid phenylalanine (F). This TASK3_G236F mutation resulted in a reduced outward current density to 14 6 1 pA/pF (n 5 21) in 2.5 mM [K 1 ] o when measured as the difference current between that at 240 and 280 mV (Fig. 7A) . However, unlike the TASK3_G236R mutation, inward current density measured at 2120 mV was also reduced by the TASK3_G236F mutation (to 9 6 1 pA/pF, n 5 21, P , 0.005) (Fig. 7B) . The TASK3_G236F mutation also did not display the inward rectification that was seen with the TASK3_G236R mutant-the current resembling a reduced amplitude WT TASK3 current (Fig. 7C) .
The TASK3_G236F mutant channel was not enhanced beyond that seen for WT TASK3 by FFA. Application of 100 mM FFA gave an average enhancement of 17% 6 3% (n 5 5) P . 0.05 (Fig. 7, D-F) . However, the TASK3_G236F mutant channel was differentially regulated by muscarine compared with WT TASK3, with 1 mM muscarine inhibiting current by just 19% 6 5% (n 5 5) (Fig. 7, G-I) . The TASK3_G236F mutant channel showed the same sensitivity as WT TASK3 channels to block after extracellular acidification and extracellular zinc (Fig. 7, J-O) . A change in pH Ο from 7.4 to 6.4 decreased TASK3_G236F current by 70% 6 1% (n 5 4), while zinc (100 mM) inhibited the TASK3_G236F current by 92% 6 1% (n 5 5). Thus, it appears that the inward rectification and regulation by FFA, extracellular acidification, and zinc of TASK3 channels mutated at position G236 depend on the nature of the substituted residue, but that the outward current density and Gaq-mediated regulation are altered by both charged and uncharged bulky amino acid substitutions.
Discussion
A point mutation of G236 to an R in TASK3 is found in patients suffering from Birk Barel mental retardation dysmorphism syndrome (Barel et al., 2008) . In this study, we show that TASK3_G236R does, in fact, give rise to a functional current, albeit with much smaller currents in an outward direction. In contrast with WT TASK3 channels, the current is inwardly rectifying.
Inward rectification of potassium channels is most clearly associated with the inward rectifier (K IR ) family of K channels. For these channels, this inward rectification occurs because currents at voltages positive to E K are blocked by intracellular Mg 21 or polyamines such as spermine. The positively charged internal Mg 21 ions and/or internal polyamines are attracted to primarily negatively charged residues, localized in both the TM domains lining the channel pore and the cytoplasmic regions of these channels, and physically block permeation (Hibino et al., 2010) . The K2P channels TWIK1 and TWIK2 display weak inward rectification at positive voltages. For TWIK2, it is proposed that this rectification is due to an intrinsic time-dependent inactivation at positive voltages (Patel et al., 2000) . TASK2 channels have also been shown to possess mild inward rectification, caused by block by internal sodium ions acting at the selectivity filter (Morton et al., 2005) .
In the case of TASK3_G236R channels, it is the presence of an introduced positively charged amino acid in the TM4 domain at the cytoplasmic end of the inner vestibule that results in inward rectification not seen for WT TASK3 channels. Intrinsic inward rectification has been described previously elsewhere for WT small conductance, calciumactivated K (SK) channels (Li and Aldrich, 2011) .
In TASK3, mutation G236F at this position instead of R reduced current density but did not induce inward rectification. The nonselective cation channel NaK (Alam and Jiang, 2009) has an F residue at the equivalent position to G236 in TASK3 (F92). This residue, located within the cavity of the channel pore, was suggested to form a constriction point within the open pore, restricting ion flux through the NaK channel. Mutating this residue to A (F92A) increased ion conduction rates as measured by 86 Rb flux assays (Alam and Jiang, 2009 ).
The Caenorhabditis elegans protein SUP-9 is a K2P channel with sequence similarity to hTASK1 and hTASK3 channels. A mutant threonine (A236T) in the TM4 of SUP-9 results in a channel that is constitutively open (De la Cruz et al., 2003) . Introducing a threonine residue at the equivalent position in hTASK3 (replacing alanine, A237T) can also increase the open probability for TASK3 channels by several fold (Ashmole et al., 2009) . It was suggested that this introduced threonine residue in TM4 stabilizes the open state of the channel through altered side-chain interactions between residues, possibly with N133 in TM2. TASK3 channel activity is moderately sensitive to membrane potential, and this voltage dependence was altered in the A237T mutated TASK3 channel (Ashmole et al., 2009) .
In this study, we have found that this gain-of-function A237T mutation reduces the sensitivity of TASK3 channels to regulation by muscarinic receptor activation. It also has a small effect on sensitivity to extracellular acidification but no detectable effect on zinc-mediated inhibition of the channel. Taken together with the observation that this mutation alters the sensitivity of the channel to changes in membrane voltage (Ashmole et al., 2009) , it is clear that this mutation, like mutation of the adjacent G236 residue, influences channel gating.
Gating and Regulation of TASK3 Channels. Like other K channels, K2P channels were proposed to have two primary conserved gating mechanisms (Mathie et al., 2010) . These are an inactivation (or C-type) gate at the selectivity filter close to the extracellular side of the channel (Cohen et al., 2009 ) and an activation gate at the bundle-crossing region of the channel Cohen et al., 2009) . For TASK3 channels, there is good evidence that regulators, such as extracellular acidification (Kim et al., 2000; Rajan et al., 2000; Ma et al., 2012; González et al., 2013) and extracellular zinc (Clarke et al., 2004 (Clarke et al., , 2008 González et al., 2013) , act at the selectivity filter to gate the channel. It is less clear, however, whether intracellular regulators, such as those arising after activation of Gaq, interact with the bundle-crossing gate or the selectivity filter gate or even whether the bundle-crossing region acts as a true gate of K2P channels.
It has been proposed that during K channel gating generally, there is a rotation in the TM domains that occur after the pore region(s) (Jiang et al., 2002) . The mutations seen in this study in the TM4 region of TASK3 (A237T, G236R) might be anticipated to interfere with gating of the channel by altering movement of this TM4 region. This could result in either an interaction with the bundle-crossing region of the channel that is in close proximity to this region or, perhaps more likely, interference with transduction of the regulatory signal from the intracellular regulatory components to the gating region at the selectivity filter via TM4, as seen for TREK1 channels (Bagriantsev et al., 2011 (Bagriantsev et al., , 2012 .
Pharmacologic and Genetic Recovery of TASK3 Current. The TASK3 gain-of-function mutation (A237T) can overcome some of the effect of the G236R mutation in terms of current density. Indeed, in raised extracellular K (25 mM) currents are restored to WT TASK3 levels when measured at 280 mV. However, the A237T mutation does not alter the degree of inward rectification, nor does it overcome the influence of G236R on regulation by M3 muscarinic receptors and extracellular acidification. In addition to genetic recovery, it is also possible to overcome the effects of G236R on current density (but not inward rectification) pharmacologically through the use of FFA.
There are precedents for overcoming the effects of mutations in ion channels using pharmacologic means. For example, mutations in human ether-a-go-go-related-gene channels cause long QT syndrome and some traffickingdefective mutants can be rescued by pharmacologic agents (Robertson and January, 2006) such as the HERG channel blocking drug E-4031 (N-[4-[1-[2-(6-methylpyridin-2-yl) ethyl] piperidine-4-carbonyl]phenyl]methanesulfonamide) (Gong et al., 2004) . Recently, it has been observed that loss of function mutations in TASK1 channels lead to pulmonary arterial hypertension (Ma et al., 2013) . Some of these mutations can be rescued, experimentally, through up-regulation of TASK1 channel activity by the phospholipase A2 inhibitor ONO-RS-082 (4-chloro-2-[[(E)-3-(4-pentylphenyl)prop-2-enoyl]amino]benzoic acid) (Ma et al., 2013) . TASK3 in Neuronal Development. A reduction in TASK3 channel activity alters both neuronal activity and neuronal development. In TASK3 knockout mice, cerebellar granule neurons are depolarized, and their action potential generation is impaired. Thus, TASK3 channels have an important role both in regulating membrane potential and in action potential repolarization because in the absence of TASK3 channels granule neurons could not maintain sustained repetitive firing (Brickley et al., 2007) . Knockdown of TASK3 channels (or replacing them with mutated TASK3 channels such as TASK3_G236R channels) altered migration of developing cortical pyramidal neurons (Bando et al., 2012) . Because this G236R mutation of TASK3 is responsible for Birk Barel mental retardation dysmorphism syndrome (Barel et al., 2008) , the migration defect caused by dysfunctional TASK3 channels may contribute to the resulting developmental disorders. We have shown that both genetic (a gain-of-function mutation) and pharmacologic (enhancement of current by FFA) interventions can reverse the effect of this mutation on current density. Pharmacologic enhancement of TASK3 current during development may, therefore, provide a potentially useful therapeutic strategy in the treatment of Birk Barel syndrome, provided that it is TASK3 current density, per se, which is important for channel function in developing neurons. 
